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Abstract

The Los Alamos hybrid simulation code is used to examine kinetic properties of
pickup ions at the heliospheric termination shock and in the downstream heliosheath. All
simulations are one-dimensional in spatial variations, represent the electrons as a zero-
mass fluid, and address only perpendicular shocks. Interpretation of measurements from
the IBEX and Voyager spacecraft depend sensitively on the properties of the
suprathermal ions downstream of the termination shock, so this research addresses three
topics concerning such ions. First, a careful examination of pickup ion trajectories shows
that their initial acceleration does not require specular reflection at the shock, as is
sometimes assumed, but is the consequence of gyromotion by selected ions at the shock.
The primary factor in this energy gain is a gyro-phase-dependent interaction with the
motional electric field upstream of, and the magnetic field at, the shock. Second, shock
simulations are carried out in which the upstream pickup ions are assumed to have four
different types of velocity distributions. The downstream ion perpendicular velocity
distributions f(v,) are similar in each of the runs, and may be approximately
characterized as a thermal Maxwellian and a suprathermal distribution. The only
significant difference among the four downstream distributions are in the tails of the
suprathermal component. Third, simulations are carried out for three different upstream
Mach numbers; the results show that faster solar wind flows lead to increased fluxes of
ions in the tails of the suprathermal component, and are generally consistent with

energetic neutral atom observations by the IBEX spacecraft.
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1. Introduction

The Interstellar Boundary Explorer, or IBEX [McComas et al., 2004], is an Earth-
orbiting satellite launched in October 2008 with the primary objective of understanding
the global interaction between the solar wind and the local interstellar medium.
Observations from this spacecraft [McComas et al., 2009; Funsten et al., 2009a; Fuselier
et al., 2009; Schwadron et al., 2009a] are enabling the study of the global properties of
the heliosheath, the plasma domain created by the interaction between the solar wind and
the local interstellar medium. At the termination shock the supersonic solar wind is
slowed, compressed, and heated. In the heliosheath beyond this shock the heated ions
undergo charge exchange with cold neutrals from the interstellar medium. This charge
exchange yields an enhanced flux of energetic neutral atoms (ENAs), some of which
have velocities directed back toward the inner heliosphere. These ENAs may be
detected by IBEX, yielding critical information about ion velocity distributions in the

heliosheath.

Furthermore, Voyagers 1 and 2 have traversed the termination shock at two
locations and continue to observe conditions in the heliosheath. The Voyager 1 crossing
of the termination shock yielded measurements of energetic charged particles with
energies greater than 30 keV [Stone et al., 2005; Decker et al., 2005; Burlaga et al., 2005
and associated papers in the Voyager 1 special section], whereas Voyager 2 measured
both energetic charged particles [Stone et al., 2008, Burlaga et al., 2008, and associated
papers in the Voyager 2 special section] and low-energy (< 10s of eV) plasma properties

[Richardson et al., 2008, Richardson, 2008; Li et al., 2008]. But neither of the Voyager
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spacecraft observes ions in the kinetic energy range 20 eV < E < 30keV. This is a critical
energy range because it includes the few keV energies expected to characterize both the
solar wind ions reflected at the termination shock and pickup ions which are heated by
that shock. The remotely-sensed ENAs detected by IBEX are in the range 10 eV <E <6
keV; because these neutrals primarily result from charge-exchange with ions of similar
energies (which we here call “suprathermal ions”), they provide velocity-space
information about plasma properties of the heliosheath source not available from the
Voyager observations. Furthermore, IBEX provides global maps in contrast to the local

in situ Voyager measurements.

Substantial progress has been made in the modeling of the interaction of the solar
wind plasma with the local interstellar medium through both fluid [Pauls et al., 1995;
Zank et al., 2001; Pogorelov et al., 2006; Opher et al., 2009, and references therein] and
kinetic [Baranov and Malama, 1993; Izmodenov et al., 2005; Malama et al., 2006;
Heerikhuisen et al., 2006, 2008; Zank et al., 2010, and references therein]
representations. Many of these models have emphasized the large-scale properties of the
heliosheath using neutral-neutral and plasma-neutral interactions with relatively long
mean free paths as the primary physics of interest. However, the kinetics of magnetized
collisionless plasmas, with relatively short characteristic lengths associated with ion
inertial and ion gyroradii scales, are the more important processes at and near the
termination shock, and therefore are critical in determining the properties of ion velocity

distributions in the heliosheath.

There are two distinct categories of kinetic plasma computations of termination
shocks: hybrid simulations, which represent the ions as superparticles and the electrons as

a fluid, and particle-in-cell (PIC) simulations, which provide a fully kinetic description of
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both ions and electrons. PIC simulations of the termination shock include Lee et al.
[2005], Chapman et al., [2005] and Matsukiyo et al. [2007], but hybrid simulations of
this shock fall into two distinct sub-categories: those which use a zero mass electron fluid
model [Liewer et al., 1993; Kucharek and Scholer, 1995; Wu et al., 2009], and those
which utilize a nonzero mass electron fluid model [Lipatov and Zank, 1999]. The zero-
electron-mass hybrid models yield shock transition thicknesses of the order of the ion
inertial length or the ion gyroradius, whereas the nonzero-electron-mass hybrid and PIC
simulations often exhibit time-dependent shock thicknesses which at times can display
much shorter electron scale lengths [Lipatov and Zank, 1999; Chapman et al., 2005; Lee

et al., 2005; Yang et al., 2009].

Hybrid simulations do not follow individual electron trajectories, so they can be
run to much longer times and/or to much larger spatial extents than comparable PIC
simulations. Our hybrid model treats the massless electron fluid as adiabatic, avoiding the
possibility of unphysical electron heating and related strong pressure (and electrostatic
potential) gradients [Lembege et al., 2004]. Moreover, hybrid simulations of the
termination shock are often steady, unlike some PIC simulations [Chapman et al., 2005;
Lee et al., 2005; Yang et al., 2009], where reforming shocks may complicate the pickup
ion dynamics. Thus we believe that our model contains the necessary ingredients to
correctly model the shock structure on ion scales and the consequences of those scale

length fluctuations for solar wind and pickup ion dynamics [Liewer et al., 1993, 1995].

Liewer et al. [1993] used a one-dimensional hybrid code with a zero-mass
electron fluid model to provide early, seminal results for the quasi-perpendicular
termination shock. They showed that at such shocks with high Mach number, the shock

dissipation energy gained by the pickup ions increases as their relative abundance
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compared to the solar wind ions increases. The one-dimensional hybrid simulations of
Liewer et al. [1993] and Kucharek and Scholer [1995] showed that some pickup ions
stream upstream away from the shock only at shock propagation angles smaller than
about 70 degrees relative to the background magnetic field. Recently, Wu et al. (2009)
used the Los Alamos hybrid code with a zero electron mass model to carry out one-
dimensional simulations of the perpendicular termination shock for a range of pickup ion
relative densities. Wu et al. [2009] also developed a modified Rankine-Hugoniot model
that includes pickup ions to interpret the shock simulations. Both the simulations and the
model indicate that the pickup ion relative density at the Voyager 2 crossing of the
termination shock is about 25%, and that about 80% of the kinetic energy lost by solar
wind ions through deceleration at the shock is transferred into thermal energy, primarily

by the pickup ions.

The work discussed here extends the research of Wu et al. [2009], describing the
use of hybrid simulations to study the initial energy gain of pickup ions at the
perpendicular termination shock. In order to gain substantial energy at a quasi-
perpendicular shock, an ion must drift for a substantial time along the shock front in the
direction of the motional electric field so that field can do work on the particle (e.g., as in
Fig. 3 of Giacalone and Decker, 2010). Several different ion acceleration mechanisms
have been proposed for the quasi-perpendicular termination shock; two of the more
popular are shock drift acceleration and shock surfing acceleration (Yang et al. [2009]
provides an extensive citation list for both processes). Our hybrid simulations cannot
represent the very narrow shock ramps that are necessary for long-time drifting along the
shock, but they do address the initial energy gain of pickup ions which represents the first

phase of processes such as shock drift acceleration. We believe that our analysis and
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interpretation of that initial energy gain described here provides a useful contribution to

the understanding of that process.

Section 2 reviews the hybrid simulation methods used in this study. Section 3
discusses a detailed study the initial energy gain of pickup ions at the termination shock.
Section 4 describes results from four hybrid simulations of the perpendicular termination
shock using four distinct velocity distributions for the upstream pickup ions. Section 5
summarizes results from an ensemble of simulations carried out for a range of upstream

Mach numbers. Section 6 is a summary and conclusion.

2. Simulation Methodology

The Los Alamos one-dimensional hybrid code [ Winske and Omidi, 1993; Winske
et al., 2003] used to carry out the simulations described below is the same as that used by
Wu et al. [2009]; in particular the electrons are described by a zero-mass adiabatic fluid
model with y = 5/3. The model allows spatial variations only in the x-direction. The
code follows the time development of all three ion velocity components, as well as all
three components of the magnetic and electric fields. Note that the zero divergence of the
magnetic field implies By = constant in this one-dimensional configuration. The standard
conditions for these simulations are that they are run on a system of length 300 c/w; and
600 cells in the x-direction; the integration time step is Q; At = 0.02. Here the ion plasma
frequency is denoted by w; = (47 n, ¢*/m;)""? and the ion cyclotron frequency is Q; =
eB,/mj;c where n, is the upstream total ion density and B, is the uniform upstream
magnetic field. The shock is formed by the incident solar wind interacting with a hot

plasma at the right-hand wall. The simulations are run in the downstream, or heliosheath,
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plasma frame, so that the incident ions are injected from the left wall with an average
right-directed velocity; as they interact with the plasma near the right-hand wall, the
shock is formed and propagates back to the left.

All of our simulations are of strictly perpendicular shocks with the upstream
magnetic field pointing in the z-direction. The initial upstream plasma has two ion
components, a relatively dense, relatively cool solar wind component (denoted by
subscript sw), and a more tenuous, more energetic pickup ion component (subscript PUL).
We apply the term “cool” to the solar wind ions because their temperature in the
upstream flow frame is small (T, ~ 1€V as in Richardson et al. [2008] compared to the
assumed keV thermal energy of the pickup ions. Unless stated otherwise we have used
conditions such that the upstream solar wind flow speed vy, in the frame of the shock
corresponds to an Alfven Mach number My = vg,/va = 8, an upstream solar wind beta
Psw = 87 ngy Taw / B02 = 0.04, and a pickup ion number density fraction of 20% of the
upstream total ion density. Because the shock for weak pickup ion density is somewhat
unsteady for such a low upstream fy,, using a relatively coarse resolution (cell size = 0.5
c/w;) helps to suppress the unsteadiness [Hellinger et al., 2002], which again allows a
more transparent picture of how ions are heated at the shock. Wu et al. [2009] show that
the Rankine-Hugoniot relations are well satisfied across the shock in these simulations
when the compression factor for the solar wind ions (y) is allowed to vary with pickup
ion density, and the corresponding compression factor for the pickup ions is taken to be a

constant (~ 2.5) for all values of the pickup ion density.

3. Pickup Ion Energy Gain at the Termination Shock
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Although several simulations have addressed pickup ion energy gain at the strictly
perpendicular shock [Lipatov and Zank, 1999; Lee et al., 2005; Yang et al., 2009; Wu et
al., 2009], consensus has not yet been reached on this topic. This section describes a
detailed examination of the interaction between the fields and individual ion trajectories
to illuminate how pickup ions gain their first increment of energy at the perpendicular
termination shock. Only one simulation is considered here with conditions as described in

Section 2.

We first state the essence of our model for pickup ion energy gain, that is, the
transfer of directed plasma flow energy into both thermal energy of the bulk plasma and
higher energy of a few selectively energized ions. Solar wind ions at a perpendicular
shock gain energy in two ways. The bulk of these ions pass directly through the shock
and are heated by magnetic compression due to the increasing B,. A small fraction of
these ions (those with the smallest value of vy) are specularly reflected by the strong local
normal electric field Ey at the shock [Leroy et al., 1981; Sckopke et al., 1983; Burgess et
al., 1989]. “Specular reflection” means a reversal, at the shock and in the shock frame, of
the vx-component of ions in a time short compared to the ion gyroperiod. Solar wind ions
are relatively cold, so that there is no appreciable change in the v, component during such
reflection. Reflected ions then gyrate in the upstream magnetic field and gain energy

from the motional electric field E, before passing again into the downstream region.

Pickup ions at a perpendicular shock also gain energy via magnetic compression
and via interaction with the upstream E,. But there are two mechanisms that permit
pickup ions to return upstream and begin the shock acceleration process. One mechanism
[Zank et al., 1996; 2010] is the specular reflection of pickup ions at the narrow shock

ramp, analogous to the reflection of solar wind ions. However, our simulations show that
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specular reflection is not necessary to enable some pickup ions to return upstream. Our
simulations, which display shock ramps of the order of the ion gyroradius, show that
pickup ions with the proper gyrophase can move from downstream back upstream by
virtue of their large vy and consequent large Larmor radii, then gain energy from the
upstream E, before returning downstream. As pointed out by Lee et al. [2005], the larger
gyroradius of the pickup ions allows the motional electric field to do more work on this
component, so that pickup ions may gain more energy than the cooler solar wind ions.
As we show, this single-pass process leads to a broad suprathermal perpendicular

velocity distribution downstream.

To help visualize the pickup ion dynamics, we assume the upstream pickup ion
distribution to be a cold velocity ring with Vyine = Vs, S0 that motion parallel to the
magnetic field (v,) can be ignored. The panels on the left side of Figure 1 show the
progression of vy — vy phase space for pickup ions through the simulated shock at one
time, Q;jt = 48. The three panels correspond to limited spatial regions where the ions are
collected for the plot [panel (a): 45 to 50 c¢/w; upstream of the shock ramp; panel (b): 8
c/w; upstream of the shock ramp to 2 ¢/w; downstream; panel (c): 25 to 35 c/w;
downstream]. Panel (a) shows the upstream cold ring distribution in the solar wind.
Panel (b) shows that pickup ion gain energy at the shock front leading to a heated ring
with higher ring velocity (due to the stronger downstream magnetic field) and the
emergence of some pickup ions from the upstream distribution, with vy <0 and v, > 0 as
in Fig. 6 of Wu et al. [2009]. Panel (c) shows that downstream of the shock these
energized ions evolve into a further heated, nearly gyrotropic (in v, and vy), partially

filled-in velocity-ring distribution.
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The plots in the right panels of Figure 1 are spatial profiles in the vicinity of the
shock front of: (d) the magnetic field, B,, (¢) the two components of the electric field E
and E,, and (f) the total, the solar wind and the pickup ion number densities. The
magnetic field is normalized to its upstream value B,, the electric fields are normalized to
vaBo/c, and the number densities to the total upstream ion density. The magnetic field
shows a well-formed shock front and downstream region (with compression ratio ~ 2.5)
and exhibits the well-established ion-scale characteristics of a supercritical shock
[Scudder et al., 1986; Bale et al., 2005], modified by the presence of pickup ions [Liewer
et al., 1993; Wu et al., 2009]. The vertical dashed lines through the right panels indicate
the location of the leading edge of the shock ramp. The E profile (black curve) is zero
upstream of the shock, becomes negative in the foot (i.e., an increase in the electrostatic
potential, Ex = - V), thereby slowing the upstream flow, and shows a sharp dip and peak
at the shock front. The profile in E, (red curve) shows the expected relatively uniform
motional electric field upstream of the shock [E, = (u,-uq)B./c], where u, and uq are the
bulk plasma flow speeds upstream and downstream of the shock, respectively. E, has a
large negative but narrow spike at the shock front, with a minimum value less than zero,
and goes to approximately zero in the downstream, where the flow is essentially zero.
The peak value of |E,| near the shock front is somewhat larger in magnitude than that of
E.. The overshoot in B, and the corresponding spikes in E, and E, just behind the shock
ramp are due to the non-fluid behavior of the solar wind as it separates into reflected and
transmitted components [Leroy, 1983]. The solar wind ion density (red curve), which is
almost equal to the total ion density (black curve), has essentially the same characteristics
as the magnetic field (since this is a perpendicular shock). The corresponding pickup ion
density (blue curve) rises earlier before the shock, and then is approximately constant
through the shock front and into the downstream, indicating that there is no buildup of

pickup ions right at the shock. Recalling that npy;Vy pur = constant, the enhanced pickup
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ion density in the foot implies that the corresponding normal flow speed of the pickup

ions is considerably reduced (~ 50%) in front of and through the shock.

Given the considerable body of literature concerning the dynamics and heating of
pickup ions at the shock, we restrict the discussion here to addressing three features of
Figure 1: (1) the relatively uniform pickup ion density through the shock (panel f), (2) the
initial acceleration of pickup ions out of the upstream distribution at the shock near vy > 0
and vy <0 (panel b), and (3) the role of the inhomogeneous electric fields Ex and E, in

accelerating pickup ions at the shock (panel e).

The pickup ions have very large gyro-velocities, comparable to the upstream solar
wind speed, in addition to their guiding center velocity, which is equal to that of the solar
wind ions. Near the shock front, however, the inhomogeneous electric and magnetic
fields decouple the pickup ion gyro-motion from the guiding center motion, and the
individual orbits of the pickup ions need to be considered more carefully. This has been
done in a number of papers, usually with test particles in idealized electric and magnetic
fields or in fields determined from simulations. For example, Lever et al. [2001] followed
test ions in a static and simplified normal electric field (Ex) and transverse magnetic field
(B.). Their Fig. 3 shows that the orbits are cycloids in x upstream of the shock (in the
shock frame). However, as the ions cross the shock front they encounter a much larger
background magnetic field which slows the guiding center speed; the orbits now become
more nearly circular and pickup ions with vx =0 at or just downstream of the shock can
return upstream where they are accelerated by the E,. Lever et al. [2001] show that the x-
position at which a pickup ion reverses its x-velocity from positive to negative is a
critical parameter in determining its subsequent energy gain, and we here pay special

attention to this quantity. Lever et al. [2001] refer to the ions which reverse their x-
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velocities right at, or slightly upstream of, the shock front as “drifting” ions and those that
reverse their x-velocities on the downstream side of the shock front as “crossing” ions.
(Lever et al. [2001] also shows pickup ions that stay near the shock front and gain energy
by shock surfing [Zank et al., 1996; Lee et al., 1996]. But these ions require a very
narrow shock front, which is excluded in the present hybrid simulation model.) Yang et
al. [2009] also show pickup ion trajectories for reforming shock potentials, but do not
include any crossing trajectories in their “typical” orbits. Fig. 6 of Wu et al. [2009] shows
pickup ion trajectories in velocity space which indicate the onset of acceleration for

pickup ions corresponds to the condition vy = 0.

To demonstrate how pickup ions which reverse their x-velocities in the vicinity of
the shock front are distributed, we analyze the simulation of Figure 1in the shock frame,
which is the most convenient frame for describing behavior in the immediate vicinity of
the shock where the fluid flow speed is changing. During the time interval Qt =42 to
46, we examine each pickup ion in a window within one upstream pickup ion gyro-radius
of the shock front (~ 8 c/w; upstream of the shock ramp to ~ 8 ¢/w; downstream) to see
where within this window its x-velocity is reversed, that is, where vy = 0 and what its vy
velocity is at that time (We denote this position relative to the shock as x’ and the
corresponding time as t'.). The top part of Figure 2 shows a scatter plot of each pickup
ion’s vy velocity versus x'; the velocities are normalized by the upstream Alfven speed
and the positions by the upstream ion inertial length. Pickup ions with x" > 0 have
reversed their x-velocities downstream of the shock, i.e., are the “crossing” ions, while
“drifting” ions with x" < 0 reversed their x-velocities just upstream of the shock front, in
the nomenclature of Lever et al. [2001]. Several features are evident in the figure. First,

the places of x-velocity reversal are widely dispersed in the vicinity of the shock, i.e.,
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they are not concentrated just at the narrow shock ramp. This is consistent with the
relatively uniform x-velocity (density) profile of pickup ions near the shock (Figure 1f).
Remember that Figure 2a is not a phase space plot in the usual sense, because each ion is
plotted at a different time. Secondly, the y-velocities of these ions, all negative because
of gyration, fall into a rather narrow band, with increased negative vy velocities for x’ >

0.

The bottom panel in Figure 2 shows the corresponding energies in the shock
frame of these same pickup ions at a much later time (t >> t”) after they have gone far
downstream of the shock front. These energies are averaged over a time interval (Q2;t = 60
to 80), corresponding to about ten gyroperiods, to remove the oscillations in their
instantaneous kinetic energies. The ions are all energized regardless of the location where
they encountered the shock first. However, it is also evident that some of the crossing
ions, that is, those which reverse their v near the shock ramp (x’ ~ 1), gain more energy
than either other crossing ions with x’ > 1 or any of the drifting ions, x’ < 0. And the
average gain of this select group of crossing ions is more than that of the other crossing
and drifting ions. However, the largest energy gains of the pickup ions are still modest,
that is, in the range we denote as suprathermal. [Note there are a few crossing ions at X' ~
4 that are also more strongly energized. These are ions that are turned back by a second
magnetic field peak at x = 112 in Figure 1(d,e,f), rather than at x = 108, but the
mechanism is the same, as discussed below.] The normalization factor Eg,, used here is

the directed flow energy of an upstream solar wind ion, as measured in the shock frame.

Figure 3 shows the trajectory of a representative accelerated pickup ion in the

shock frame, plotting as functions of time: (a) the ion position relative to the shock ramp

14
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(x”), (b) its vy and vy velocities, (d) the electric fields experienced by the ion, (e) the work
done by the electric field on the particle and (f) the ion’s kinetic energy [Panel (c) will be
discussed shortly.]. Note that in this frame the electric fields are different: E, is
approximately constant both upstream and downstream, but dips approximately to zero at
the magnetic overshoot, whereas Ex has a large negative spike in the shock ramp and a
large positive peak at the overshoot. The particle crosses the shock at A (Q2it = 43.8),
turns around slightly downstream of the shock front at B (Q;t = 44.0), re-crosses the
shock ramp back into the upstream at C (Qjt = 44.2), then turns around again at D (Qt =
45.5), and crosses into the downstream a second time at E (Q2it = 46.4). These times are

denoted in the figure by vertical lines.

While the upstream motion of the pickup ion corresponds to the usual gyration, so
that its x-velocity ranges from 0 to about 2 v, and v, varies between —vg, and +vgy, (Vsw =
8 va), when it approaches the shock (A), its vy velocity is reduced rapidly as it encounters
the normal electric field E, while its vy velocity, which is negative at this point, becomes
even more negative (to about —14 v, ~ 1.7 vg,) due to the modification of the ion’s orbit.
From A to C, the total kinetic energy of the ion (panel f) decreases slightly. This can be
seen from the work done (panel €). As the pickup ion moves back into the upstream from
B to C, vy 1s negative but E, > 0, while vy <0 but E, ~ 0. So the change in the work from
E, is essentially zero (blue curve), while that due to E, (black curve) is negative and thus
the total work done (red curve) decreases. After C, vy reaches its minimum (negative)
value, while v, becomes positive. From C to E, the particle then gains considerable
energy in the upstream motional electric field (since vy> 0 and E, > 0), as panel (¢)
shows. It should be noted that if this same particle had been farther upstream in the

uniform solar wind at Q;t = 43.8 instead of interacting with the shock, its gyration would
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have led to a decrease in the work done on the ion, since vy would have been < 0 while E,

remained > 0 and fEe v df would have gone back to zero.

As in Fig. 6 of Wu et al. [2009], we plot the v, — v, trajectory of a representative
accelerated pickup ion in Figure 3¢, with the letters denoting the time locations of the
trajectory given earlier. The dashed circle is the upstream trajectory and O denotes the
starting position of the orbit (Q;t = 40). In this perspective it is more evident that the
upstream trajectory is disturbed as the particle crosses the shock (A), and indicates that it
emerges from the ring in velocity space at v,> 0 and v, < 0 as shown in Figure 1b. The
velocity space trajectory also shows that most of the energy gain occurs later, from C to
E, as shown in panel (e). This energization process for crossing ions has been discussed
previously by Lee et al. [2005] in regard to their Fig. 8. Their typical pickup ion can be
seen to be a crossing ion and the plot of [Eyv,dt shows the initial energy gain of the
pickup ion at the shock is due to this process. A more complete study of pickup ion
trajectories, such as that shown in Figure 3 using the self-consistent electromagnetic
fields of the simulation, as well as in idealized fields [e.g., Lever et al., 2001], indicate
that the small-scale spatial and temporal variations in E, and E, have little effect on the
overall energy gain of the ions. It is the stronger magnetic field in the overshoot that
reverses the crossing ions and the subsequent energy gain from the motional electric field

in the upstream region that provides essentially all the energy gain.

Thus, our analysis of individual ion trajectories from a simulation of a
perpendicular shock shows that pickup ions gain a negative vy which allows them to
return upstream not by specular reflection, which would correspond to a horizontal

trajectory without change in vy in Figure 3c, but rather by means of the large scale
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gyromotion associated with their intrinsically high speed. Figure 2 further shows that the
maximum kinetic energy of such energized pickup ions is about E/Esw = 8 for this
simulation. This is consistent with the PIC simulations of Lee et al. [2005] for a M= 8
perpendicular shock with 10% pickup ions. The maximum kinetic energy of the pickup
ions in Fig. 3 of Lee et al. [2005] is E/ &, = 20, where &, is the solar wind ion injection
energy in the downstream rest frame. Given a shock compression ratio of about 3 in Lee
et al. [2005], &,=(2/ 3)2ESWZO.44ESW, so their maximum kinetic energy of the pickup ions
is about E/ Egw = 8.8. This is slightly larger than our value of 8, possibly due to the lower
pickup ion concentration in Lee et al. [2005], which implies a stronger shock.
Furthermore, the PIC simulation results of Matsukiyo et al. [2007] displayed a maximum
pickup ion kinetic energy of E/ &, = 17 for a M = 5.8 quasi-perpendicular shock with
10% pickup ions. This corresponds to E/ Egw = 6.2 since the solar wind injection speed is
3.5 va and the shock speed is 2.3 v, in the downstream rest frame. This value is less than
our result because of the smaller M = 5.8 used by Matsukiyo et al. [2007]. The
consistency between our hybrid simulation results and these PIC computations supports
our contention that the electron-scale spatial and temporal variations in the electric field
generated in the PIC simulations have little effect on the overall energy gain of the

pickup ions.

4. Downstream Consequences of Variations in Upstream Pickup Ion Velocity

Distributions

As discussed in the Introduction, neither Voyager spacecraft has returned ion

observations in the energy range from about 10 eV to about 30 keV, which corresponds
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to the domain of pickup ions. In the absence of such measurements, it is important to
determine the downstream consequences of plausible variations in those upstream
distributions. To this end, this section describes simulations of a perpendicular
termination shock in which the upstream pickup ions are represented by four distinct
velocity distributions: a velocity shell, a velocity sphere, a Vasyliunas-Siscoe (VS)

distribution, and a Maxwellian.

Our choices of upstream pickup ion velocity distributions are based upon the
assumptions (1) that the upstream solar wind flow is strictly perpendicular to the
background magnetic field, (2) that the pickup ions are all protons, (3) that pitch-angle
scattering is the fastest process affecting upstream suprathermal ions, and (4) that energy
scattering of the suprathermals is a relatively slow process. Under this scenario, a pickup
ion velocity distribution initially corresponds to a cold, ring-like distribution in the
velocity perpendicular to B, with radius v,. Pitch-angle scattering then leads to a cold
velocity shell distribution [as assumed by Liewer et al., 1993]; at longer times energy
scattering may lead to distributions resembling a velocity sphere, a distribution as
described by Vasyliunas and Siscoe [1976], and at relatively late times, an isotropic

Maxwellian distribution.

We seek to normalize these four distributions to the same average kinetic energy,
that is, each should have the same upstream {3, so that the shock electric and magnetic
fields are very similar. In terms of the pickup ion velocity distribution f(v), this quantity

is defined as
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, ok, 3ka [fEyids 2 [fEyias ”
rur = . = 3,72 ’ 5
B Qu)[f®)ds T [f@)dv

where kg is the Boltzmann constant; L is the permeability; npyr, is the upstream pickup
ion number density, n, is the total upstream number density; ¢ = npyru/ny, By 1s the

upstream magnetic field; and m; is the pickup ion (here proton) mass.

For a shell distribution, £ (v) =8(v —u,), so

she 2¢ I/li
pas Ege] (3)

A

For a velocity sphere, f; ,ff,’}e"e (v) =1 for 0 < v < vpax and = 0 for vy <v. From

Equation (1) we obtain

2
sphere _ 2¢ V max

PUI - 2
5 v,

Then the condition BpUISphere = ﬁpUlShe“ implies the maximum speed of ions in the

sphere distribution is

5
=1 4
vde 3”“ ( )

For the velocity distribution described by Vasyliunas and Siscoe [1976],

3n, Br’ A
HIM1'1 VS
5 €Xp[- svsv

0=
rTS (V / uu )3/2 ] ! (5)

Vs
0,v>v,

V’;U] (v) = Sﬂuj rs(v/iu,)
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where ny is the density of the interstellar neutrals (~ 0.1cm™); B, is the ionization rate at 1
astronomical unit (AU); r; = 1 AU, r is the location of the termination shock in AU; u, is
the upstream solar wind speed, and A is the distance from the Sun in AU where neutrals
get fully ionized and fully picked up (~ 4 AU). For pickup ions, the velocities of interest
here are v ~ uy; this condition combined with A << rs implies that the exponential factor

is of order unity (as in Eq. (5) of Zank et al. [2010]). This yields

PUI

Vs 2_‘15(3",‘:3)2
3

= 2
v

Then the condition Bpur"> = Bpur™" implies that the Vasyliunas-Siscoe

distribution should be cut off at

RN
u 3 u

. . . . —_ 2 2 . .
For a Maxwellian distribution, f, Pﬂé‘}" (v) =ce™ " where c is a constant; this

distribution decreases with v fast enough so that no high-speed cutoff is necessary to do

the integrals. Hence Bpui™™ = Bpur™"

Vo = \Euu ®)

If we set ¢ =20% and M, = 8, then Bpy; = 8.53 for all four of these pickup ion

implies

distributions.

We then carried out simulations of the termination shock in which the only
variation was the use of these four different velocity distributions for the upstream pickup

ions. The spatial and temporal evolution of the magnetic and electric fields in all four

(6)

(7)
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simulations is similar in all cases and is not reproduced here. In all four simulations the
downstream ion velocity distributions, when averaged over a sufficiently large region of
the heliosheath, are close to gyrotropic, so we here display only the perpendicular speed

distributions.

Figure 4 illustrates the proton perpendicular velocity distributions in their zero
flow frames of reference summed over v and averaged over both upstream and
downstream domains for all four simulations. Upstream (Figure 4a) the velocity shell
distribution shows a relative peak near v ;/va = 8, whereas the three other distributions
are similar and monotonically decrease across the range 1 <v /va <8. At higher speeds,
the distribution tails are successively enhanced as one progresses from the upstream shell
(red) through the sphere (blue), the Vasyliunas-Siscoe distribution (green), and the
Maxwellian (black) (Figure 4b). The downstream distributions, though substantially
heated in both the thermal and suprathermal components, are again quite similar (Figure
4c) except for the high-energy tails where once again there are enhanced fluxes in the
progression from the shell (red) to the Maxwellian (black) (Figure 4d). So we conclude
that the average properties of the suprathermal ion component downstream of the
termination shock should be relatively independent of the velocity-space details of the
upstream pickup ion velocity distributions (when the upstream thermal pressures are the
same), but that greater ion fluxes in the tails of the upstream distribution directly correlate

with increased ion fluxes in the downstream tails.

Wu [2010] fit the simulated downstream perpendicular velocity distributions as the
sum of two components, a thermal Maxwellian and a suprathermal Maxwellian. In
contrast, Heerikhuisen et al. [2008] have developed a computer model of the outer

heliosphere using a kappa-type distribution to represent the proton velocity distribution in

21



509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

the heliosheath, based on Voyager observations indicating higher-energy ions have a
power-law velocity distribution. Figure 4c shows that the thermal part of the four
distributions is nearly the same and well represented by a Maxwellian distribution. When
evaluated for Voyager 2 termination shock crossing parameters, Wu [2010] showed that
the thermal part of the distribution corresponds to a temperature of 10-20 eV, consistent
with that measured by Richardson et al. [2008]. Furthermore, we have fit the downstream
suprathermal distributions illustrated in Figure 4c with both Maxwellian and kappa-type
functions; we find that neither function presents a good fit at large values of v, /va.
Therefore, rather than attempting to fit this component with a distribution that spans all
velocities, we have chosen to fit the bulk of the suprathermal distribution with a simple
power-law form over a limited range of velocities. If we use

SapraW D) =@ Vi v <V <y )
where we choose vinin =4 va and v = 15 va (corresponding to a proton kinetic energy
range of about 75 eV to about 1 keV for representative termination shock parameters),
then fits to the downstream distributions of Figure 4c yield k = 1.4 (upstream PUI shell),
Kk = 1.7 (sphere), Kk = 1.9 (V-S distribution), and k¥ = 2.2 (Maxwellian). Note that the
latter two K values are considerably larger than the k=1.5 value assumed in the model of
Zank et al. [2010]. It is generally true that, whatever the range of velocities used to fit
Equation (8), the broader the upstream pickup ion distribution, the larger the k¥ of the

downstream suprathermal distribution.

5. Downstream Ion Velocity Distributions as a Function of Alfven Mach

Number
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This section presents results from simulations of the perpendicular termination
shock at three upstream Mach numbers, with emphasis on the scaling properties of the
downstream suprathermal velocity distributions as functions of that Mach number. The
upstream betas of the pickup ions and solar wind ions are the same as in the previous
section and the upstream pickup ions are represented with a Vasyliunas-Siscoe velocity

distribution.

Figure 5a displays the vy distributions of ions downstream of the termination shock
from three simulations corresponding to the standard parameters stated in Section 2 with
the exception that M, =4, 8, and 16, respectively. The results are shown in the shock
frame to facilitate the following calculations of ENA fluxes from the simulated
downstream distributions. An increasing Alfven Mach number corresponds to an increase
in the number of suprathermal ions and a consequent broadening of the distributions.
Also note that the downstream bulk velocity increases as the Alfven Mach number
increases, consistent with the Rankine-Hugoniot relations.

The one-dimensional model used in the present study precludes the excitation of
downstream waves that can scatter the heated solar wind and pickup ions. Consequently,
there is no heating in v, and the downstream ions are very anisotropic [ Wu et al., 2009].
This large anisotropy (T, > T)) is likely to lead to growth of both Alfven-cyclotron and
mirror instabilities and will drive the downstream distributions toward more isotropic
conditions. Therefore, for the purposes of the following calculation, we assume that the
downstream ion velocity distributions obtained from the present one-dimensional
simulations are pitch-angle scattered to isotropy in the frame of reference moving with
the downstream flow velocity. A local directional differential ion flux in the sunward (-x
in the present simulations) direction can then be calculated and, under the assumption that

the hot ions of the heliosheath undergo charge exchange with the neutral atoms and
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molecules of the interstellar medium, the differential ENA flux observed by IBEX can be
derived [Schwadron et al., 2009b].

Figure 5b displays our calculations of ENA fluxes which would be observed at
Earth orbit if the heliosheath protons were isotropized as described in the preceding
paragraph. These calculations assume an upstream solar wind density of 6e-4 cm™, an
Alfven speed of 39 km/s, and a neutral hydrogen density of 0.1 cm™. The length of the
line-of-sight integral is chosen to be 40 AU. Energy dependent cross section and energy
dependent ENA survival probability are adapted from Lindsay and Stebbings [2005] and
Schwadron et al., [2009b]. The spectral distributions of the simulated ENA fluxes are
more complex than a simple power law in the energy range observed by the IBEX-HI
ENA imager [Funsten et al., 2009b] (600eV to 6keV, marked by the vertical dashed lines
in Figure 5b), but they exhibit a general trend that the ion fluxes in the tail of the
distribution increase with increasing Mach number. This is consistent with the Funsten et
al. [2009a] analysis of ENA spectra from IBEX showing that, at low heliospheric
latitudes where the solar wind is relatively slow, the spectral index is relatively large (x =
1.95 £0.08 at 1.7 keV, and k = 1.91 £0.07 at 2.7 keV) and that, at high heliospheric
latitudes corresponding to faster solar wind flows, the spectral index is smaller (k = 1.49
+0.05 at 1.7 keV, and k = 1.39 £0.08 at 2.7 keV). As we have discussed, our one-
dimensional simulations do not include several potentially important physical effects
which probably contribute to the ENA fluxes from the heliosheath. Thus these results
should be regarded as qualitative indicators of physical trends, not as quantitative

predictions of observable quantities.

6. Conclusion
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This paper has described the results of several one-dimensional, zero-electron-
mass hybrid simulations of the perpendicular termination shock. The emphasis of these
studies has been on the initial energy gain of pickup ions near the shock and velocity
distributions of suprathermal ions downstream of the shock to support interpretation of
heliosheath observations by the Voyager and IBEX spacecraft. We have addressed three

distinct issues.

We have demonstrated, as earlier indicated by Fig. 6 of Wu et al. [2009], that the
initial energy gain by pickup ions at the perpendicular termination shock, does not require
specular reflection of such ions, as some models assume. The pickup ions that reverse the
x-component of their velocities just downstream of the shock ramp due to gyration in the
enhanced magnetic field of the overshoot gain the most energy where x is the direction of
the upstream solar wind flow velocity. The primary energy gain is derived from work
done by the motional electric field E, on such reversed ions after they gyrate back

upstream of the shock.

We described four simulations in which the upstream pickup ions are assumed to
have different types of velocity distributions. The two most important results of these
simulations are, first, that the spatially-averaged downstream ion perpendicular velocity
distributions for all four simulations are similar and, second, that these same distributions
each can be approximately characterized as the superposition of a thermal Maxwellian
and a suprathermal distribution. The suprathermal f(v,) may be fit with power-law
distributions in v, for limited ranges of the perpendicular velocity, but there are
significant differences among the four cases for the relatively few ions in the energetic
tails of the distributions. If these results can be demonstrated to apply in more general

simulations of two and three dimensions as well as at quasi-perpendicular propagation,
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they will imply that the upstream velocity-space details of the pickup ion distributions are
not important for determining velocity-averaged properties of either the core Maxwellian
or the suprathermal heliosheath distributions. We further described three simulations
with different Alfven Mach numbers, showing that faster solar wind flows lead to
increased fluxes of ions in the tails of the suprathermal component, consistent with

energetic neutral atom observations by the IBEX spacecraft.

A more complete comparison of simulation results with IBEX observations is
beyond the scope of this work. To obtain better comparison with IBEX observations,
more general simulations of the termination shock should be carried out. For example,
Wu [2010] showed that quasi-perpendicular shocks at 0, = 80° and 70° yielded ion speed
distributions which were very similar to those from the perpendicular shock simulation
with all other parameters the same. It is important to further pursue quasi-perpendicular
shock simulations to understand whether our conclusions about downstream velocity

distributions also apply to such cases.

Energetic neutral atoms propagate through the outer heliosphere with relatively
little attenuation, so IBEX observes the integrated line-of-sight ENA flux generated from
charge-exchange across the entire thickness of the heliosheath, not just immediately
downstream of the termination shock. Thus future hybrid simulations of this shock
should be generalized to include more physics of the heliosheath. For example, two- and
three-dimensional simulations show that ion scattering and acceleration continues
downstream of shocks. Quasi-perpendicular shocks generate strong ion anisotropies of
the type T, > T, which may lead to the downstream growth of both Alfven-cyclotron and

mirror instabilities. The resulting enhanced fluctuations scatter the ions, reducing the
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overall anisotropy [ Thomas and Brecht, 1986; Winske and Quest, 1988] and further

energizing a few ions [e.g., Scholer et al., 2000].

Our concerns here have been with ions heated up to approximately 6 keV, the
maximum energy observed by the IBEX-Hi ENA imager. Nevertheless, our simulations
have not yielded ions accelerated to 10s of keV or larger energies. This is apparently
because, under the conditions simulated here, the heated pickup ions experience only one
gyro-orbit at the shock, after which they are swept downstream. Processes such as shock
drift acceleration [ Giacalone and Ellison, 2000; Giacalone, 2003; 2005]. or shock surfing
[Zank et al., 1996; Lee et al., 1996] which involve multiple interactions with
perpendicular or quasi-perpendicular shocks and either a spectrum of waves upstream of
the shock or a very narrow shock ramp require simulations that include two or three

dimensions or non-zero-mass electrons, neither of which have been considered here.
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Figure 1. Left panels show v, — v, phase space for pickup ions near the shock in the

simulation, i.e., downstream, frame: (a) far upstream, (b) at the shock front, and (c) far

downstream. Right panels are profiles across simulated shock in the same frame: (d) B,,

(e) Ex (black curve) and E, (red curve), and (f) ion densities of the solar wind (ngy, red

curve), pickup ions (4npy;, blue curve multiplied by 4 to be comparable with ngy), and

total (black curve) as a function of x. B, is normalized to its upstream value B,; Ey and E,

are normalized to B,va/c; and ion densities are normalized to the upstream value n,.
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Figure 2. Here x' denotes the position relative to the shock front at which each pickup
ion satisfies vy = 0 in passing from vy > 0 to vy < 0; the corresponding time is t'. [Top]
Pickup ion vy values at t', gathered over the simulation times 42 <t <46, as a function of
x'. [Bottom] Late-time averaged kinetic energies in the shock frame of these same pickup

ions (E/Esw), as a function of x'.
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Figure 3. Trajectory of a selected crossing ion as a function of time, in the shock frame,
showing: (a) its position relative to the shock, (b) its v, (black curve) and vy (blue curve)
velocities, (d) the electric fields experienced by the ion (E,— black, E, — blue curve), (e)
the work done by the electric field on the ion (black — E, contribution, blue — E,
contribution, red— total), (f) kinetic energy of the ion, all as functions of time. Panel (c):
Corresponding trajectory of the selected ion in v4-v, phase space. Times on the plot are
denoted by letters, corresponding to the vertical lines on the other panels, as described in

the text; O is the initial point in the trajectory.
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Figure 4. Ion perpendicular speed distributions in their zero flow frames of
reference from the four simulations described in Section 4 with Lyw,i/c = 400.
Here (a) and (b) show f(v,) averaged over an upstream domain of approximately
140 < xwpi/c <190 and (¢) and (d) show f(v,) averaged over a downstream
domain of approximately 230 < xwpi/c < 280 at the end of each simulation. In all
panels, the different colored dots (red, blue, green, and black) represent results
from simulations with different upstream velocity distributions for the pickup ions

(shell, sphere, Vasyliunas-Siscoe, and Maxwellian respectively).
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Figure 5. (a) Downstream ion velocity distributions for the sunward-directed
velocity component (vy) in the shock frame from the three simulations described
in Section 5 corresponding to M = 4 (red), 8 (green), and 16 (blue). (b)
Differential ENA fluxes derived from the three simulated velocity distributions in
panel (a) assuming the downstream ions are pitch-angle scattered to isotropy. The
vertical dashed lines mark the energy range observed by the IBEX-HI sensor

(600eV to 6keV).
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